Abstract-In this paper, we present the novel design features, their technical implementation, and an evaluation of the radio frequency exposure systems developed for the National Toxicology Program (NTP) of the National Institute of Environmental Health Sciences studies on the potential toxicity and carcinogenicity of second and third generation mobile-phone signals. The system requirements for this second-year NTP cancer bioassay study were the tightly controlled lifetime exposure of rodents (1568 rats and 1512 mice) to three power levels plus sham simulating typical daily, and higher, exposures of users of GSM and CDMA (IS95) signals. Reverberation chambers and animal housing were designed to allow extended exposure time per day for free-roaming individually housed animals. The performance of the chamber was characterized in terms of homogeneity, stirred to unstirred energy and efficiency. The achieved homogeneity was 0.59 and 0.48 dB at 900 and 1900 MHz, respectively. The temporal variation in the electric field strength was optimized to give similar characteristics to that of the power control of a phone in a real network using the two stirrers. Experimental dosimetry was performed to validate the SAR sensitivity and determine the SAR uniformity throughout the exposure volume; SAR uniformities of 0.46 and 0.40 dB, respectively, for rats and mice were achieved.
I. INTRODUCTION

A. Purpose and Scope of the Project
T HIS paper is a summary of the design and performance of a system that enables chronic exposure of large groups of rodents to the radio frequency (RF) electromagnetic fields (EMF) associated with personal mobile phone technologies. The unique feature of this system, as compared to previously employed devices [1] - [6] , is that the rodents can be exposed to assess the potential chronic toxicity or carcinogenicity of mobile phone radiation according to the standard protocols of the National Toxicology Program (NTP) [7] of the National Institute of Environmental Health Sciences (NIEHS). The objective of a NTP cancer bioassay is to expose laboratory animals to a chemical, biological, or physical agent for at least 2 years; in this case, the physical agent is the RF radiation from personal mobile phones. In addition to the 2-year exposure, the design of the chronic studies required four groups (three dose groups and a sham control group), two species (mice and rats), and a minimum of 100 animals per sex per species per group. To maximize the possibility of detecting toxic or carcinogenic effects, the selection of the highest dose is of key importance. This dose, defined as either the maximum deliverable dose or the maximum tolerable dose, is estimated from prechronic studies and is expected to neither increase mortality from causes other than exposure-related tumor induction nor to cause more than a 10% decrease in body weight gain compared to controls. The NTP test requires also that the exposure level be practically constant over the lifetime of the subjects and that the animals be free to move within the individual cages. Because of concerns that heating effects would limit exposure intensities to levels not much higher than expected from personal mobile phone use and to provide adequate challenge to the hypothesis that RF EMF does not cause tumor induction, the NTP protocol extended the duration of exposure to approximately 18.5 h/day.
B. Scientific and Technical Requirements
The biological and animal care requirements of NTP chronic tests have immediate impact on the scientific and technical design of exposure systems, including the need to expose at the same dose rate 100 rodents that are free to move in their individual cages. Animal postures presenting different geometries to incoming RF energy would cause different specific absorption rates (SAR) if the fields are incident from only one direction.
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While drinking, the rodents are in contact with a water column that acts as an antenna to deliver undesired excessive energy to the head of the subjects. Thus, the water delivery system needs special design attention to prevent local overexposure of the animals. Since the rodents must be exposed in individual cages, the cage material must be nearly RF transparent to not appreciably alter the dose imparted to the subjects from incoming RF energy. The exposure of the NTP test must mimic real-world signaling (not the exposure level) from a portable cell phone. The signal amplitude changes with time in a complicated statistical fashion that depends on proximity to a base station as well as RF scattering and reflecting, or absorbing objects that the signal from the phone encounters as it propagates to the base station antenna. A system that fulfills all these technical and scientific requirements would indeed expose animals to RF energy similar to that emitted by cell phones with the variations of the signal level caused by fading, as the mobile phone travels in a city environment.
C. Previous Technology and Selected Exposure Systems
No previous exposure systems have ever had to satisfy all the NTP requirements outlined above. In [1] , rodents were exposed five per cage, making their individual doses extremely difficult to assess. In the present program, all study animals were housed individually to permit an assessment of individual animal exposures. In [2] and [3] , animals were placed in a carousel with their heads near an antenna to simulate the exposure from a cell phone. In [4] - [6] , the whole body exposures of the rodents positioned in a radial waveguide were far from uniform and their positions within the exposure system had to be rotated over time to ensure reasonably equivalent whole body exposures. In [2] - [6] , each rodent was constrained in a plastic container to prevent the animal from reversing its head-tail position with respect to the radiating antenna, however, due to animal welfare considerations, exposure durations in restrained animals cannot exceed 4 h/day. Furthermore, animal restraint may induce stress responses that are undesirable. A more complete review of different in vivo exposure systems can be found in [8] . Exposure of unrestrained study animals in their home cages permits a greater duration of daily exposure than is possible with carousel systems, and removes possible stress resulting from animal restraint. In [9] , an unrestrained animal was exposed in a circularly polarized waveguide, however one waveguide would be required for each animal in the study. Hence, the use of waveguides, TEM cells, and other metal enclosures comparable in size to a single subject must also be excluded. Isotropic field type solutions such mode stirred resonant cavities or reverberation chambers provide an environment where the posture and orientation of the animals have much less impact on the energy absorption than in the case of single directional fields. Consequently, animals can roam freely within their cages and extended daily exposure periods can be utilized, while the overall exposure efficiency can be maintained at a high level. The idea of using reverberation chambers for animal exposure to EMF as a means of maximizing the total deliverable dose, i.e., the exposure time product was first suggested by Ladbury et al. [10]. The operating paradigm is that the field in a reverberation chamber is essentially statistically isotropic.
II. MATERIALS AND METHOD
A. Exposure Frequency
Reverberation chambers were chosen as the exposure environment to provide high-efficiency isotropic exposure for unrestrained rodents. However, the frequency or frequencies as well as communications system standards to be used for the exposure had to be determined, as these are important for many aspects of the chamber and system design. Dosimetry was performed within a prestudy at communications-system-relevant frequencies commonly in use in the USA. The SAR distributions in the animals needed to be relatively homogeneous, such that a wide range of tissues and organs would have significant exposure; thus, maximizing the possibility that RF related effects would be observed, given that the potential origin/site of interaction was unknown. The simplified 12-plane wave model for the average exposure in a reverberation chamber was used within the finite difference time domain (FDTD) solver in SEMCAD X (SPEAG, Switzerland) in conjunction with a range of anatomical mouse and rat models (see Fig. 1 ) to determine the SAR in rats and mice at mobile phone frequencies.
The prestudy provided the results shown in Fig. 2 for, from left to right, a mouse exposed at 900 MHz, a mouse at 1900 MHz, a rat at 900 MHz, and a rat at 1900 MHz. Based on the analysis of the SAR distributions, 900 MHz was chosen for rats and 1900 MHz for mice to meet the homogeneous exposure criteria over the life time and typical weight range. The frequency has an impact on the minimum size of the chambers due to the requirement for the location of the animal to remain greater than three quarters of a wavelength from the walls and for the statistical field homogeneity and isotropy to be minimally influenced by the stirrers and metallic surfaces.
At the beginning of the project, second generation (2G) communications systems were commonplace, and third generation (3G) systems were rolling out. Hence, both 2G and 3G signals were chosen, namely GSM and the code division multiple access (CDMA) scheme IS95, as the communications standards. Fig. 2 . SAR distributions from left to right, a mouse exposed at 900 MHz, a mouse at 1900 MHz, a rat at 900 MHz, and a rat at 1900 MHz (not to scale).
B. Physical-Mechanical Design of the Reverberation Chamber
The reverberation chambers here are resonant enclosures in which the field structure is continuously altered with "mode" stirrers that can provide a statistically homogeneous field distribution when averaged over the time of a stirrer rotation within a specific volume in the chamber [11] . In the NTP studies, animals will be exposed at three SAR levels or sham (no exposure) for up to two years. The use of a range of SAR levels will enable any possible dose response relationship to be elicited. The design of the reverberation chamber had to satisfy the requirements of both the electrical design and animal housing regulations. To comply with NTP guidelines, nontoxic sterilizable materials must be used, and from an electrical point of view, the chamber must be fully shielded. The resultant solution was a fully welded stainless steel design with a standard shielded room door (EM Engineering, Korea). 1 Stainless steel is slightly less conductive than normal steel, so there is a slight compromise with the ultimate quality (Q) factors achievable. The tight requirements regarding field homogeneity and the requirement to be able to place animal racks in the chambers necessitated a design with near optimal mode stirrers to minimize the stirrer volume and hence facilitate the optimization of the shape and size of the usable test volume. We used the stirring methods described in [12] that provide designs with no symmetry and large reflecting surfaces for maximum scattering of the fields. Furthermore, two stirrers, with horizontal and vertical orientations, were used. The first stirrer is placed vertically at the rear of the chamber and the second horizontally on the ceiling Fig. 3 . The stirrers are driven by a Maxon RE 40 motor with HEDL5540 position encoder driving a 90:1 gear box (Maxon Motor, Sachseln, Switzerland). 1 The overall chamber size was chosen such that, with the stirrers in place, the required number of animals could be housed in individual cages while maintaining greater than the minimum distance to the walls and having sufficient volume for efficient mode stirring. The NTP chose Harlan Sprague-Dawley rats [13] (Harlan, Indianapolis, IN, USA) 1 and B6C3F1 mice [14] (Taconic, Germantown, NY, USA) 1 for the study and used a group size of 100 per sex, per species, per group to increase the statistical power to identify weak effects. Mice require much smaller cage floor areas than rats, hence twice as many mice can be housed as rats in a given chamber. Additionally, the growth curves of the male and female animals must be considered. In Fig. 4 , we see that male and female rats differ by almost a factor of 2 in weight after a few weeks of development, whereas male and TABLE I ANIMAL EXPOSURE GROUPS Three power levels for mice (mixed male and female) exposed to 1900-MHz GSM modulated signals Three power levels for mice (mixed male and female) exposed to 1900-MHz CDMA modulated signals One sham chamber for mice (mixed male and female) Three power levels for male rats exposed to 900-MHz GSM modulated signals Three power levels for male rats exposed to 900-MHz CDMA modulated signals One sham chamber for male rats Three power levels for female rats exposed to 900-MHz GSM modulated signals Three power levels for female rats exposed to 900-MHz CDMA modulated signals One sham chamber female rats female mice maintain very similar weights over their whole life spans. Given that the SAR for a given incident exposure E-field is a function of the animals body weight, adequate exposure homogeneity could be attained only by housing male rats and female rats in separate reverberation chambers.
Therefore, to meet the requirements for the NTP chronic studies, a total of 21 reverberation chambers are required to house the animal groups given in Table I .
The exposure group sizes were all set at an initial number of 112 per species and sex. In the case of the male rats, once the animals' weights were greater than 500 g, the cage size needed to be increased; thus, the maximum number of animals was reduced to 102. Based on the stirrer volume and size of the racks to accommodate the required number of cages, the final chamber dimensions were chosen as width w = 2.2 m, length l = 3.7 m, and height h = 2.6 m. The chambers were installed at the IIT Research Institute in Chicago, IL, USA. Some of the installed chambers are shown in Fig. 5 .
The RF signals are introduced into each chamber with one or more antennas. Although in a reverberant environment, the effective gain of any antenna is unity (i.e., it appears to be isotropic), the use of directional antennas is advantageous because maximum scattering of the field, and hence statistical homogeneity, can be achieved when the antenna(s) point directly at a stirrer and thus avoid direct illumination of the exposure volume. We used standard gain antennas [15] of relatively simple structure two half-wave dipoles fed in phase a half wave apart and a quarter wave above a square ground plane one wave length on the side. Where high SAR is required, a number of amplifiers might be used, in which case each can be attached to a separate antenna and the chamber is used as a cavity combiner; thus, avoiding the requirement for external power combiners and very high power antennas. If the field in the chamber is ideally scattered, then it will vary at any given point with Rayleigh fading statistics [16] .
The required E-field strength was determined from numerical dosimetry performed with SEMCAD X (SPEAG, Switzerland) 1 with both the plane-wave integral representation of a reverberation chamber [17] and high-resolution animal models based on different size models covering the expected life span [18] .
C. Drinking Water System and RF Modulation
Drinking water for rodents in laboratory studies is typically supplied from water bottles or an automatic watering system. For an experiment where close to 3000 rodents are planned, only an automatic watering system makes practical sense. Water is supplied from a Lixit valve 1 [19] placed just outside the rodent cage, that can be reached through a cage grommet, when the mouth touches the Lixit the flow of water is released and the animal can drink. Fig. 6 shows a cross section of a rat drinking from a Lixit. Lixit valves are manufactured from stainless steel and the cage grommet is also typically metallic; these materials are undesirable for an RF experiment. The system to supply drinking water should ensure that no energy is absorbed by the water thereby causing dose-dependent elevation in drinking water temperature that could act as a confounder. Additionally, absorption in the water would decrease the Q of the chamber, decreasing efficiency. Water must therefore be supplied in stainless steel tubes, with the water shielded from the RF fields. Stainless steel tubes and Lixit valves could act as antennas to enhance the E-fields, particularly around the ends of the structures, causing increased SAR or RF burns to the animal, which could deter the animals from drinking. Guy et al. [9] overcame this problem for his waveguide system by having a glass sipper tube tip accessed through a small hole in the side of the waveguide, however, the water was housed outside the exposure environment and the tip at the E-field minimum, neither of which are possible within this study. Fig. 7 shows the potential problem of SAR enhancement in the mouth with high exposures compared to the animal distant from the lixit, in this case a greater than tenfold increase. Therefore, to facilitate the safe supply of water, a new concept to prevent the high E-field strengths that would be present around the Lixit in a standard watering system had to be developed. Furthermore, durable alternatives to metallic cage grommets had to be investigated and used throughout. Gel phantoms were used to experimentally assess the changes in SAR as the mouse or rat approaches and then touches the Lixit. A choked and shielded automatic watering system that was designed for these studies is described under Results.
Another important aspect of the chamber design requirements is the mimicking of the temporal variation of the signal as emitted from a mobile phone due to power control. Rayleigh fading due to scattering and reflection of RF signals within the propagation environment is observed by the base station receiver, as the mobile phone moves, for example, within urban or highway environments. The system acts to counter this received signal variation by controlling the transmitted power of the mobile phone, resulting in temporal emitted power variation.
The design of the stirrers can be such that the spatial variations in the average field strength can be minimized, or at least controlled within specified bounds. This will be shown in the next section. In addition, the temporal variations introduced by the rotation of the stirrers can be tailored to provide a change in exposure that has meaningful correlation to real-world exposure variations [20] . We record the power level versus time-hence the actual exposure of real mobile phones when operated in different propagation environments and performed a Fourier transform to determine the low-frequency components of the power variation. Fig. 8 shows the measurement setup, in Fig. 9 , the low-frequency spectral components for a typical IS95 mobile phone power level are plotted. Fig. 10 is a plot of the low-frequency spectral components for a typical GSM mobile phone power level [21] . The rotation velocities of the two stirrers can be tuned to provide a variation that mimics many key characteristics of the real signal variation. Individual components can be created by a combination of the beat frequency of the stirrers and the absolute rotational speed. The velocity Fig. 8 . Mobile system to record the temporal variations of mobile phone power level, for details see [21] . of rotation and the relative differences depend on the mobile communication system to be mimicked, as they have different power-control characteristics. The mode density in the chamber at a given frequency also impacts the required angular displacement to achieve a given field-strength variation at a single point in the chamber. 
D. Computer Control of RF Exposure and Chamber Environment Monitoring
The control system manages the exposure schedule, stirrer rotation speeds, and exposure signal type and level in each chamber. It also monitors air flow, temperature, humidity, oxygen level, light level, and E/H-field in the chambers. The schematic design is shown in Fig. 11 .
The signal source is a SMIQ02B signal generator (Rohde and Schwarz, Germany), 1 with options for GSM and IS95 modulation. The configuration of the GSM uplink signal is generally based on technical standards for mobile communication at GSM900 of the European Telecommunication Standard Institute 1 (ETSI) with one slot per frame active in any given GSM chamber, and the standard uplink signal generator settings for IS95 are utilized. Modulation characteristic settings can be seen in Table II. To amplify the signals, we used 400-W peak power or 200-W average power amplifiers (LSE, Spanga, Sweden), 1 12 in the rat system, 6 in the mouse system and distributed so that the SARs can be maintained at the defined whole body SAR (wbSAR) levels of the given chamber. The output of the power amplifier is then directed to either GSM or IS95 chambers with a high isolation RF relay. A fast switch allocates GSM slots to different chambers to allow the same amplifier to be used with four different chambers. The control system prevents the relay or switch from switching while RF power is present, ensuring that the p-i-n diodes or relay contacts are not damaged during switching. A number of dedicated real-time controllers set the individual amplifier output powers on a slot by slot basis for GSM and for IS95 to afford uncoupled control of the E-field strength in each chamber. Each chamber has as many standard gain antennas (two half-wave dipoles mounted λ/4 in front of a reflector plate λ 2 in size [15] ) inside, fed via isolators to limit the reflected power, as the number of amplifiers needed to excite the reverberant cavity. Chambers with more than one antenna are used as cavity combiners, eliminating the requirement for a coaxial combiner. The antennas are directed toward one of the stirrers to ensure the best energy stirring and a good ratio of stirred to unstirred energy, resulting in acceptable E-field homogeneity. The exposure conditions are monitored with two ER3DV6 E-field probes (SPEAG, Switzerland) 1 for high-peak field strength chambers or one ER3DV6 and an H3DV6 H-field probe (SPEAG, Switzerland) 1 for lower field strength chambers. Probes are placed close to the exposure region, with each probe attached to DAE4NIEHS data acquisition electronics which are in turn connected to an EASY4 measurement server (SPEAG, Switzerland).
1 Each probe and DAE has its own calibration file. The measured E-and H-field strengths are used to maintain the exposures to the desired levels through a feedback control algorithm. The data from the probes communicate the field strengths to the control computer. The field strength at any point in the chamber changes temporally at a rate related to the stirrer speeds. The data were sampled with a frequency of 100 Hz, and the E-and H-field display was updated every 20 s. Though the purpose of the exposure system is to provide a controlled EM field exposure, other environmental parameters are also of key importance to evaluate, as environmental stress factors can act as confounders in any toxicology and carcinogenicity experiment. Hence, the following were monitored and recorded throughout the entire duration of the experiment: oxygen level, temperature, humidity, air flow, noise, and light level. The sensors are integrated into a sensor box located in the air outlet from the chamber, the outputs from the sensors were measured with a number of Agilent 34970A data acquisition units with HP 34901A 20 channel multiplexers (Agilent, Santa Rosa CA, USA). 1 The system is required to be RF safe for people working in the facility. Some chambers are supplied with up to 3.8 kW of peak RF power, resulting in high field strengths, thus, the entry of personnel while the exposure system is active must be prevented. Warning lights are provided on each chamber, with a red light to indicate that an exposure is active in that chamber and that the door should not be opened; however, when the door is opened, an interlock immediately disables all amplifiers within that exposure system, thereby placing the system into a safe state. Panic buttons are also placed within the facility such that the power amplifiers can be switched off in case of any emergency.
III. RESULTS
A. Homogeneity of RF Fields in the Target Volume
The important performance metrics for a reverberation chamber used for animal exposures are: 1) E-field homogeneity, 2) E-field isotropy, 3) SAR uniformity, and 4) SAR efficiency. All these characteristics have been separately tested and verified. The homogeneity of the E-field as measured using six ER3DV6 E-field probes (SPEAG, Switzerland)
1 providing x, y, and z components as well as vector sum, supported by a nonconductive measurement structure moved around in the empty chamber. Measurements were taken on a 300 mm 3D grid, 216 points in total, the homogeneity (one standard deviation of vector sum averaged over 80 stirrer positions) was 0.6 dB, and the field isotropy (standard deviation of x, y, and z components) was 0.85 dB at 900 MHz; field homogeneity and field isotropy were 0.48 and 0.70 dB, respectively, at 1900 MHz. The field magnitude distribution at 900 MHz can be seen in Fig. 12 and the statistics of the fields in Table III .
In a chamber loaded with rat or mouse phantoms, 32 measurement locations were analyzed; these corresponded to four locations that, 1) could be easily accessed, and 2) were not too close to the individual phantoms, namely, on the cage tops of each shelf. At 900 MHz, the standard deviation or field homogeneity of the field totals was 0.74 dB and of all three orthogonal field components was 1.1 dB; all components measured at all locations fall within the mean ±2.8 dB and all total fields fall within the mean ±1.6 dB. At 1900 MHz, the standard deviation or field homogeneity of the field totals was 0.7 dB and of all three orthogonal field components was 1.3 dB; all components measured at all locations fall within the mean ±3.1 dB and all total fields fall within the mean ±2.0 dB.
The ratio of stirred to unstirred energy or the Rician K-factor in the empty chamber give a good indication of the stirring The measurement of homogeneity has associated uncertainties, some of which are associated with the probes and others with the measurement process. Table V gives the contributions to the uncertainty: aside from the last item, all are associated with the design, manufacture, and calibration of the E-field probes. If the same probe were used to measure all points, the first two sources would become unimportant. Six different probes were used, so that interprobe variation in accuracy and linearity is important. The largest contribution arises due to limitations in the characterization process, termed stirrer modulation, which has two components. The first is related to the repeatability of a measurement at a given location, and the second is due to the number of discrete stirrer positions used (directly related to the time to measure at each point). Repeating the measurement of Efield strength at a given point gave a 0.2-dB standard deviation in the value obtained when a large number of stirrer positions were used, this uncertainty can be due to stirrer position variations, RF input power variations, and measurement equipment variations. The measured rms E-field strength tends toward a constant value when the number of discrete stirrer points approaches 3500. The step and measure process is relatively lengthy for the stirrer positions to stabilize; hence, to measure many points, the number of positions must be limited. Here, we used 80 points, which result in an additional uncertainty of ∼0.4 dB. Therefore, the overall uncertainty is 0.45 dB.
The exposure E-field values in all of the 21 chambers and the homogeneity within the most heavily loaded chamber were verified in separate studies performed by NIST [22] . All of the field measurements agreed within the estimated uncertainty bounds, apart from the case of two H-field probes in the highest peak H-field chambers; these probes were subsequently replaced by E-field probes that did not suffer the same high-field strength anomaly. The magnitude of field variation throughout the volume of a fully loaded chamber was also found to be consistent with the values reported above that were measured in the prototype chamber. The quality of the modulated signals was found to be acceptable with regard to distortion and harmonic content and the power delivery system appeared to be functioning well with only minimal leakage in the switching system. Fig. 13 shows that, for any level of chamber loading, Q is >260 to <3000, the instantaneous field amplitudes follow a Rayleigh fading statistical distribution [16] , as required for field isotropy; therefore, the field statistics will not change as the animals grow throughout the study. The Rayleigh distribution holds for a 30-dB amplitude range, more than sufficient for the purpose of this experiment. The signal statistical functions versus chamber loading break down at very low field strengths, because the levels are too infrequent for reliable statistical estimation. Figs. 14 and 15 show the low-frequency spectral components due to the power control level of IS95 and GSM mobile phones, respectively, and the power variation synthesized in the exposure chambers when the stirrer speeds were optimized. The relative stirrer speeds for IS95 were 4:5 and for GSM, 1:2, the absolute speed depending on the mode density (size and frequency).
B. SAR Uniformity in the Target Volume
The SAR uniformity was measured in the same chamber with rat and mouse phantoms consisting of bottles of tissue simulating liquid optimized to provide the same absorption as an adult rodent. The parameters for the rat phantoms were r = 41.1 and σ = 0.95 S/m and for the mouse phantoms r = 39.5 and σ = 1.43 S/m corresponding to HSL900 and HSL1900 tissue Fig. 15 . Relative level of the spectral components of a GSM mobile phone output power due to power control and components generated in the chamber due to mode stirrer rotation.
simulating liquids (SPEAG, Zurich, Switzerland). 1 The experimental dosimetry was performed with the final temperature method [23] , and showed that the SAR uniformity between animals was ±0.46 and ±0.40 dB, respectively, for rats and mice. The phantom SAR values show better uniformity than that of the field measurements due to the spatial averaging over the volume of the animal phantom. The design of any exposure system needs to take into consideration the amount of power that must be generated to achieve the desired animal SAR exposure. One key metric is the overall efficiency in coupling the power transmitted into the chamber and into the phantoms or animals. In loaded reverberation chambers, efficiencies were ∼70% for adult rats and ∼45% for adult mice.
C. Field Control
Uncertainty in the average E-field strength within the exposure volume with respect to the target value is a function of several factors associated with field measurement accuracy, and the chamber homogeneity, and the control algorithm. The probe design, manufacture, and calibration account for the first four quantities. The chamber field is not perfectly homogeneous, and only two probes are employed to estimate the field strength. This feature reduces the uncertainty due to homogeneity by the square root of the number of probes, but is still an important factor in the overall uncertainty in the average exposure field. That the field varies temporally reduces the accuracy to which the field can be controlled. The field control is estimated from measurements to add 0.2 dB to the overall uncertainty as shown in Table IV .
D. SAR Uniformity in Drinking Subjects
The water system was developed for installation in the chambers without introduction of additional loss by RF absorption in the water by virtue of its fully shielded design. The design can also be used in a reverberation chamber environment with high average E-fields (up to 400 V/m), because it avoids or minimizes: 1) high local SAR peaks in the animal while drinking, 2) variations in whole-body average SAR with respect to the animal not drinking, and 3) significant distortions in the fields around the water system. To this end, a choked and shielded automatic watering system was designed. A simple choke on its own is insufficient; though it is designed to prevent RF current from flowing, it does not protect against high E-field strengths. Therefore, the choke must be extended beyond the end of the Lixit to effectively shield it from the E-fields and prevent Efield enhancement. The resultant design, a coaxial quarter wave choke, is shown in Fig. 16 . However, the circumference of the choke has an enhanced E-field to which the drinking rodent could be subjected in relatively close proximity, enhancing the SAR. Therefore, the choke was flanged to both remove the high field region from the Lixit and reduce the field intensity by virtue of the increased circumference.
The numerical simulation model of two mice in drinking position is given in Fig. 17 , where the relative position of the face of the animals with respect to the end-flanged quarter wave choke is clearly shown.
Numerical analysis was performed with SEMCAD X on the high-resolution anatomical models. An experimental verification was performed with gel animal phantoms and temperature probes in the body head and mouth, also to demonstrate that the designed water system provides a safe drinking environment without disturbing the field homogeneity and isotropy within the animal enclosures. Fig. 18 shows the SAR experienced in the animal with the RF-safe design; we see that the excess SAR in the mouth, shown in Fig. 7 , can be completely avoided. Note the very similar SAR distributions in the rodent placed far away from the water system and in the rodent drinking from the flanged watering system. To verify the relative SAR as rats and mice approach the drinking system, tissue simulating gel was used to make rat phantoms into which temperature sensors (T1V3Lab SPEAG, Switzerland) 1 could be implanted, three spaced in the nose and head at increasing distance from the contact point to the Lixit and one in the center of the body. The initial slope of the temperature rise was then assessed over an integral number of stirrer rotations, in this case 60 s, from reference positions 100 and 10 mm from the water system and touching the water system. Fig. 19 shows the gel phantoms with the temperature probes and Table VI shows the initial slope of the temperature rise, which is directly proportional to the SAR. The results confirm that there is little influence of the presence of the RF safe water system on the exposure of the animals as they approach the system and that, in general, the animal becomes less exposed in the mouth and head region while drinking. The variation that is observed is likely related to field homogeneity in the chamber.
E. Whole Body SAR Sensitivity in Aging Rats at 900 MHz and Mice at 1900 MHz
A detailed dosimetric analysis for the rat and mouse models exposed to Rayleigh fading RF energy was performed to establish the proper dose rate throughout the chronic exposure of the rodents. The analytical methodology is presented in detail in a companion paper [18] . The results are summarized here to indicate how the exposure system power output, needs to be adjusted to impart to the rodents approximately the same dose rate for different average body weights during aging and for different postures. Among all the models, the uniformity of whole-body averaged SAR (wbSAR) has the maximum expanded uncertainties (k = 2) of 2.9 dB at 900 MHz for small female rats and 2.6 dB for small male mice at 1900 MHz. The spatial-peak SAR averaged has the average difference from wbSAR of 10.5 dB at 900 MHz for female rats, and 9.1 dB for male mice at 1900 MHz. Regarding organ-specific averaged SAR results, deviations to the wbSAR were calculated and compared for all rat and mouse models. Among all the organs, the SAR deviation can differ as much as -9 to +5 dB from the wbSAR for rats at 900 MHz, and -8 to +4 dB for mice at 1900 MHz. In addition to detailed analysis of the SAR uncertainty of rodents, the instantaneous variation due to rodent posture, size, and weight variation with a given exposure group has been performed as shown in Fig. 20 [18] .
IV. CONCLUSION
In this paper, we have presented the design criteria and test results for a room-size exposure chamber capable of housing a large number of rodents for an NTP assessment of the toxicity and carcinogenicity of RF signals emitted from widely used cell phones; 21 such chambers were installed at the test site. The NTP tests, require uniform dose delivery that, for RF energy, could be satisfied only by a uniform (over the entire 4π solid angle) distribution of field directions to the test subjects. This has been accomplished by means of reverberation chambers. For the first time, the modulation due to the periodic rotational motion of the stirrers has been chosen to simulate the low frequency variation of a phone's RF output power, due to power control, as the phone user moves. The daily long-term exposure of rodents required a water supply system that did not heat the water, significantly alter the field distribution, and did not overexpose the tests subjects while drinking. This goal was accomplished by means of shielded water distribution pipes and choked flanged drinking Lixits. The RF power radiated into the chambers follows the required signal level changes to keep the wbSAR dose constant as the rodents grow and age using the actual weight of the animals in the study. The highest dose groups are facilitated by the use of the reverberation chambers as cavity power combiners. The overall efficiency (power absorbed in the animals/input power to the chamber) for adult mice and rats was very high at 45% and 70%, respectively. The other physical and environmental parameters are monitored and recorded. As a summary, the expanded uncertainty (k = 2) of the exposure level is around 1.7 dB for the rat and mouse exposure, and around 1 dB between different dose groups. The life-time averaged standard variation of the individual in the exposure group is 0.2 dB for the rat and 0.3 dB for the mouse. An extensive dosimetric research effort, detailed in a companion paper [18] , documents the dose rate distribution in the body of rats and mice undergoing chronic RF exposure in the chambers presented in this paper. We conclude that the design and construction of the chambers satisfy the NTP RF test requirements for a large number of unconstrained rodents simultaneously exposed. 
